Abstract. The influence of infills on the seismic response of frame structures has long been
INTRODUCTION
Damage observed after moderate and strong earthquakes highlighted the influence of infills on the seismic response of frame structures. Regularly distributed infills may significantly contribute to withstand seismic actions, reducing the deformation demand and enhancing the energy dissipation capacity [1, 2] . On the contrary, irregular arrangement of infills may be strongly detrimental, producing unfavourable distribution of plastic hinges, high demand of inelastic deformations and brittle failures. Therefore, the presence of infills should be considered in the design of new buildings and in the seismic assessment of existing ones. For this reason, in the last decades, the issue concerning the modelling of infills has gained a growing attention and different methods have been proposed and developed [3, 4] . Such methods may be divided roughly into two categories according to whether they are based on micro-modelling or on macro-modelling approaches.
The former is based on a finite element representation of the frame and the infill. The response of the frame, the infill and their interface are described by means of proper constitutive relations. To reproduce the shear sliding of masonry mortar, several plasticity-based continuous interface models have been developed [5] . In general, this approaches are quite complex due to the large amount of information required [6] . On the contrary, macro-models, even though unable to capture local phenomena, are characterized by an advantageous simplicity. The equivalent diagonal no tension strut is one of the most used macro-model, being often adopted for in-plane seismic assessment of frame structures. This model was initially based on the observation that the compressive path in the masonry panel, due to horizontal loads, develops mainly along its diagonal. Therefore, a way of representing the stiffening and strengthening effect of the masonry infill is replacing the panel with an equivalent no tension strut acting along the compressive path [7, 8] . The strut model may also be used, with opportune modifications, for perforated infills [9] . The width of the strut depends on different features, such as the extension of the region of interaction between masonry and frame. The ultimate strength of the infills depends also on the failure mechanism, which is somewhat difficult to predict being affected by many factors, such as the material properties, the dimensions of the system and the vertical stress in the panel. Multiple strut configurations have also been proposed with the aim of capturing the interaction between the infill panel and the frame (e.g. [10, 11] ). The multiple strut approach allows to account for the shear transmission in critical regions but the calibration of the required parameters is somewhat complex. The use of these methods is recommended for building not designed for seismic loads, having insufficient shear reinforcement and strong infills.
In this study, a comparison between different single strut models is performed, based on 162 experimental tests available in the literature. The database includes both reinforced concrete and steel frames, as well as confined masonry structures. The mechanical characteristics of masonry and the boundary conditions between frames and infills of the test specimens take into account a large set of situations, reflecting the great variability in the materials and in the construction techniques adopted in different countries. In the following sections, the selected models and the considered experimental tests are briefly presented. Afterword, the comparison between experimental and predicted values is reported in terms of lateral stiffness and strength of the masonry infill.
STRUT MODELS
Various relationships have been proposed to calculate the lateral strength and stiffness of the equivalent strut. The former is strictly related to the infill failure mode, which depends on several parameters, such as the aspect and slenderness ratios, the mechanical characteristics of masonry, the stiffness and strength of the surrounding frame. As observed by Haldar et al. [12] , four main failure modes have been identified: i) shear failure due to bed-joint sliding; ii) cracking due to diagonal tension; iii) diagonal compression failure and iv) corner crushing of the infill. The predicted failure mode, the related strength and the stiffness change noticeably from one model to another [13] .
In this study, five strut models have been taken into account ( [19] Shear strength
(1) Failure due to bed-joint sliding; (2) Cracking due to diagonal tension; (3) Failure due to diagonal compression; (4) Failure due to corner crushing Table 1 : Failure modes taken into account in the considered strut models.
Predictive equations for the strength are listed in Table 2 , respectively. In the Table 2 , the strut axial strength, R, is reported. The lateral strength, H, is then given by the following equation:
In the model by Decanini and Fantin [14] four failure modes are considered (equation 2 to 5). In Table 2 , is the strength in the bed-joint sliding failure mode; is the strength in the diagonal tension failure mode; is the strength in the diagonal compression failure mode and is the strength in the corner compression failure mode; d is the length of the strut; t is the masonry thickness; θ is the strut angle of inclination;
′ is the masonry compressive strength; 0 is the basic shear strength of bed joints; 0 is the shear strength evaluated through diagonal compression tests; is the vertical stress; is the width of the equivalent strut; ℎ is a non-dimensional parameter and k 1 and k 2 are equation coefficients (see Table 3 ).
According to Paulay and Priestley [15] the strut force to initiate sliding in infill panels, , depends on the shear friction stress and on the aspect ratio of the panel, the coefficient of friction is assumed equal to 0.3 (equation 6). The diagonal compression strength (equation 7) is function of the vertical contact length, z, between infill and column. In Priestley and Calvi [16] the diagonal tension cracking failure is also considered. This failure mode does not produce itself the infill collapse, however the in-plane damage due to cracking contributes to the outof-plane expulsion of the panel. The diagonal force, which induces diagonal tension cracking, is evaluated using the relationship for tensile stress in a disk loaded along a diameter (equation 8).
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Saneinejad and Hobbs [17] In the analytical method developed by Saneinejad and Hobbs [17] all failure modes are considered. In equations 9 to 12 (Table 2) , is the load factor and ′ is depicted in Figure 1 . Diagonal cracking of the infill is regarded as a serviceability limit state; however, it may be related to a collapse limit state because presence of diagonal cracking in both diagonals accelerates the out-of-plane failure of the infill. For the cracking load, equation 10 is suggested, where ′ is the tensile strength of infill material. The diagonal compression strength is given by equation 11, where is the permissible stress, which takes into account the out-of-plane buckling and is the effective length of the strut (Figure 1 ). From the above formula it results that the permissible stress is negative when the thickness of the infill is smaller than 2.5% of the effective length. Finally, in equation 12, ℎ and are the contact lengths between infill and columns and infill and beam, respectively, σ c and τ b are the column-infill and beaminfill contact stresses. Three potential in-plane failure modes are considered in FEMA 306 [18] . The MohrCoulomb failure criteria is used to assess the sliding-shear capacity of the infill, the corresponding strut resistance may be calculated by means of equation 13, where τ 0 may be taken as 1/40 times the compressive strength and μ is the coefficient of friction along the bed joints. The diagonal tension strength in [18] The axial stiffness of the strut, k, is generally calculated as a function of the strut width, w, according to the following equation: =
where E m is the modulus of elasticity of masonry, t is the panel thickness and d is the strut length. The lateral stiffness, k m , can be calculated as:
Equations proposed to estimate w are reported in Table 3 . The parameter λ h , used in some of these expressions, is a non-dimensional parameter introduced by Stafford-Smith [7] to take into account the influence of the relative stiffness of the frame and the infill: 
Saneinejad and Hobbs The expression by Decanini and Fantin [14] provides the secant stiffness of the strut. The equation suggested by Paulay and Priestley [15] , which gives a conservative value of the width, is recommended for a lateral force level of 50% of the ultimate capacity. The value suggested by Saneinejad and Hobbs [17] is related to the attainment of the resisting loads R cc and R dc . The formula reported in FEMA 306 [18] , which was initially proposed by Mainstone [21] , was found suitable for the estimation of the infill secant stiffness if the masonry elastic modulus in the horizontal direction is used [19] .
DATABASE USED IN THE STUDY
Experimental results available in the literature are used in this study to assess the selected strut models. The whole dataset, composed of 162 test specimens (Table 4) , includes different types of frame-infill systems. With regard to reinforced concrete frames, both infilled frames and confined masonry structures are considered. In the infilled frames the masonry panel is built after the frame, whereas in confined masonry the panel is built earlier. The difference between confined masonry and infilled frame systems is twofold: i) in confined masonry, a stronger adherence between masonry and RC columns and beams develops compared to that present in infilled frames; ii) in confined masonry buildings the column and beam cross sections are generally smaller than in infilled frame buildings.
Concerning the walls, in 60% of the test specimens the masonry is made up of hollow units (vertical or horizontal hollows), in the other 40% the masonry is made up of solid bricks or blocks. The aspect and the slenderness ratios of the infills vary noticeably: the former is in the range 0.48-2.95, the latter varies between 5.33 and 25.78. However, in 80% of the specimens the aspect and slenderness ratios are less than 1 and 15, respectively. This values can be considered representative of sizes present in common existing infilled framed buildings. Horizontal loads are applied monotonically or cyclically in 34 and 128 experimental tests, respectively. Cyclic loads are generally applied statically with force-controlled or, more often, displacement-controlled procedures. Pseudo-dynamic and dynamic tests are performed in 12 experimental tests.
The whole database is used to assess the capability of different strut models to estimate the infill strength. As for the assessment of the infill stiffness, only the tests for which the horizontal force versus horizontal displacement curves were available have been used. The reduced database includes 101 specimens. 
RESULTS AND DISCUSSION
Equations reported in Table 2 are used to predict the lateral strength of infills. The predictions are then compared with the experimental values of lateral strength. The experimental results always concern the infill-frame systems; therefore, a basic preliminary step was the estimation of the contribution of infill to the total lateral resistance. This is made herein by calculating the difference between the infilled frame and the bare frame. In those cases in which the bare frames were not available, an approximated frame backbone curve has been obtained using the model proposed by Haselton [54] .
The ratio between predicted and experimental strength is calculated for the five strut models. The exponential of the logarithmic mean, , and the logarithmic standard deviation, , of this ratio are then estimated. The former represents the median values under the hypothesis of a lognormal distribution, the latter approximates the coefficient of variation and gives a measure of the dispersion. These values are reported in Table 5 for the whole database and for data samples clustering different type of structures, i.e., infilled reinforced concrete frames, confined masonry systems and infilled steel frames.
The model proposed and Priestley [15] and Priestley and Calvi [16] provides, on the average, a good estimate of the actual values. However, with the exception of the steel frames set, a large dispersion is noted, being the logarithmic standard deviation between 0.453 and 0.534. The models proposed by Decanini and Fantin [14] and by Panagiotakos and Fardis [19] give, in general, the lowest dispersion for infilled RC frames and confined masonry, whereas the Paulay and Priestley [15] and Priestley and Calvi [16] model furnishes the best results for steel frames, in terms of both mean value and logarithmic standard deviation. DF (1) PF (2) PPC (3) SH (4) FEMA (5 
Paulay and Priestley [15] and Priestley and Calvi [16] , (4) Saneinejad and Hobbs [17] , (5) FEMA 306 [18] . = exponential of the logarithmic mean, = logarithmic standard deviation.
The predicted lateral strengths are plotted in Figure 2 versus the experimental ones. Different colours indicate different structural systems: blue markers are used for infilled reinforced concrete frames, red markers for confined masonries and black markers for infilled steel frames. Linear regression curves, related to the whole database, and coefficients of determination, R 2 , are also reported in the figure. It is noted that: strength values predicted by Panagiotakos and Fardis [19] are higher than the actual (experimental) ones; the model proposed by Paulay and Priestley [15] and Priestley and Calvi [16] is almost unbiased; the other models tend, on the average, to underestimate the infill strength. The highest and the lowest coefficients of determination are obtained, considering the whole dataset, using the formulation proposed by the Decanini and Fantin [14] and Saneinejad and Hobbs [17] , respectively. The comparison between predicted and experimental lateral stiffness is made considering the reduced database. Formulas reported in Table 3 and equation 18 are used to calculate the predicted values. The experimental stiffness is calculated as the elastic stiffness of an equivalent bilinear system, obtained through the energy equivalence criterion up to the peak lateral load (H m ). Figure 3 shows the comparison between predicted and experimental results. The use of various formulas leads to different values of the equivalent width, and, therefore, of the strut stiffness. For example, the equation in FEMA [18] gives a much more deformable strut compared to the other models. Moreover, differences between predicted and experimental values are significant, showing that none of the considered models is able to predict the infill stiffness adequately. For the confined masonry frames, all of the models predict values of the stiffness lower than the actual ones. The dispersion of the data is noticeable, coefficient of variations varying between 1.7 and 2.0. These results show the great uncertainty in the assessment of infills stiffness. 
CONCLUSIONS
In this work, 162 experimental tests have been considered to evaluate the adequacy of various strut models. The database includes different types of masonry walls, which are made of hollow or solid bricks or blocks, and different types of frame-infill systems: 116 infilled reinforced concrete frames, 39 confined masonry structures and 7 infilled steel frames.
The assessment of the contribution of infills to the lateral stiffness and strength of the experimental tests was a basic preliminary step. This assessment was made by calculating the difference between the infilled frame and the bare frame. In those cases in which the bare frame was not available, several assumptions, like for example that of rigid beams, have been made to calculate the bare frame backbone curves. Stiffness and strength predictions have been calculated considering five strut models. Such models require the knowledge of the geometrical and mechanical characteristics of the frame and the infill. In some cases, the required parameters were not assessed experimentally, such as the masonry shear strength and the horizontal compressive strength. When not available, these features have been calculated here by means of empirical equations.
The comparison between predicted and actual lateral strengths shows that the models by Paulay and Priestley [15] , Priestley and Calvi [16] and Decanini and Fantin [14] give the best predictions, with the former having the advantage of being almost unbiased and the latter giving the lowest dispersion. The strength predicted by Panagiotakos and Fardis [19] is, on the average, higher than the actual one, while the other models ( [17, 18] ) underestimate the infill strength. Concerning the stiffness, none of the models reproduce satisfactorily the actual values. Differences between predicted and experimental values are significant, showing the inadequacy of all the considered equations. Given the large differences obtained using different formulations, much attention should be paid in the model selection.
On the basis of the reported results, it can be concluded that the high variability of the material and the large number of parameters involved, make the reliability of the modelling very hard to obtain. However, the significant contribution of infill walls in the behaviour of infilled frames requires the continuation of research in this area. Finally, other aspects not taken into account in this study, such as the modelling of the hysteretic behaviour, need to be further investigated.
